Micropuncture studies were performed in Munich Wistar rats made diabetic with streptozotocin and in normal control rats. Diabetic rats received daily ultralente insulin to maintain moderate hyperglycemia (-300 mg/dl). Group 1 diabetic rats studied after routine micropuncture preparation exhibited elevation of the single nephron glomerular filtration rate (SNGFR) due to increases in the glomerular transcapillary hydraulic pressure difference and glomerular plasma flow rate. In group 2 diabetic rats infusion of insulin to achieve acute blood glucose control normalized the glomerular transcapillary pressure gradient while increasing the glomerular ultrafiltration coefficient, so that SNGFR remained elevated. Persistent elevation of SNGFR despite normalization of the transcapillary pressure gradient was also observed in group 3 diabetic rats infused with insulin plus sufficient dextrose to maintain hyperglycemia. These studies indicate that glomerular capillary hypertension in diabetes is an acutely reversible consequence of insulin deficiency and not the result of renal hypertrophy.
Introduction
The early course of insulin dependent diabetes mellitus in humans and in rats is characterized by enlargement of the kidney and elevation of the glomerular filtration rate (1) . Most micropuncture studies in diabetic rats have shown that the increase in glomerular filtration rate is due to increases in glomerular capillary plasma flow rate and hydraulic pressure (2) (3) (4) (5) (6) (7) . Marked elevation of the glomerular capillary pressure despite normal systemic blood pressure distinguishes diabetes from other experimental conditions in which glomerular hyperfiltration accompanies renal hypertrophy. Thus, when glomerular filtration rate and renal mass increase in parallel as a consequence of normal maturation, ingestion of a protein rich diet, or uninephrectomy, glomerular capillary pressure has been found to remain normal or to increase only moderately (8) (9) (10) (11) (12) (13) . Taken together, these findings suggest that glomerular capillary hypertension in diabetes is a consequence of insulin deficiency rather than a necessary result of renal hypertrophy. The current study was designed to assess whether acute insulin replacement would lower glomerular capillary pressure in rats with established diabetic renal hypertrophy and hyperfiltration.
Methods
Micropuncture studies were performed in six groups of male Munich Wistar rats. 41 rats with initial body weights 218-278 g were made diabetic by tail vein injection of streptozotocin (STZ),' 60 mg/kg, under brevital anesthesia. Beginning 3 d after streptozotocin administration, rats received daily subcutaneous injections of -1 U of heattreated ultralente insulin to maintain moderate hyperglycemia as previously described (14) . Weekly measurements on blood obtained by tail clipping in 25 of the 41 diabetic rats established that this regimen maintained mean blood glucose 311±50 mg/dl SD.
Micropuncture protocol. Micropuncture studies were carried out 4-15 wk after STZ administration in diabetic rats and in a group of control rats of equal weight at the time of micropuncture study. Glucose was measured in blood obtained by tail clipping on the day of study and the diabetic rats were divided into five groups with similar blood glucose concentrations. Rats were then anesthetized with Inactin, 100 mg/kg i.p., and placed on a temperature regulated micropuncture table. A PE-50 tubing catheter was installed in the left femoral artery and used for subsequent blood sampling and estimation of mean arterial pressure (AP). AP was continuously monitored with an electronic transducer connected to a direct writing recorder. After tracheostomy, PE catheters were installed in the right and left jugular veins for infusion of rat plasma and of saline, inulin, insulin, and dextrose. After insertion ofthe jugular catheters, plasma obtained from normal rats was infused in an amount equal to 1% body wt over 40 min, followed by a reduction in infusion rate to 0.41 ml/h for the remainder of each experiment. Saline was infused at a rate of 1 Group 3 diabetic rats also received an infusion ofinsulin along with rat plasma and normal saline. In this group, the insulin infusion rate was maintained at 0.29 U/h throughout the study. In addition, an infusion of 50% dextrose was begun 20 min after initiation of insulin infusion. The dextrose infusion rate was adjusted between 0.69 ml/h and 0.93 ml/h to maintain blood glucose concentrations during micropuncture study between 240 and 320 mg/dl, values similar to those observed in group I diabetic rats receiving no insulin.
Group 4 consisted of nine normal male Munich Wistar rats whose weights were matched to those of the diabetic rats at the time of micropuncture study. Plasma and saline were infused as in group 1 diabetic rats, and micropuncture measurements were performed at a similar interval after surgical preparation as in the other groups.
Groups 5 and 6 each consisted of six diabetic rats prepared for micropuncture study exactly as described for groups I and 2, respectively. Studies in these rats served to compare values for SNGFR obtained by puncture of proximal and distal nephrons. Proximal and distal nephron segments were located by injection of small amounts of FD&C green dye (1% in saline) through a pipette with a tip of -5 5tm OD. Timed 4-min tubule fluid samples were then collected from three to five distal nephron segments and three to five proximal nephron segments. These collections were carried out over two 30-to 50-min collection periods. In each period, a 200-Ml blood sample was obtained for determination of Hct and plasma inulin, protein glucose, sodium, and potassium concentrations. An arterial blood sample was obtained at the close ofeach study for determination ofarterial blood pH, Pco2, and bicarbonate concentration.
Analytical. Blood glucose concentrations were determined with reagent strips and a Glucometer (Miles Laboratories, Elkhart, IN). Arterial plasma protein concentration (CA) was determined by refractometry and plasma potassium concentration by flame photometry. Radioinulin content of plasma, urine, and tubule fluid samples was assessed by liquid phase scintillation counting. Plasma sodium and potassium concentrations were determined by flame photometry. Arterial blood gas analysis was performed on capillary samples with a Coming 168 pH/blood gas analyzer (Coming Medical and Scientific, Medfield, MA).
Calculations and statistics. Efferent arteriolar total plasma protein concentration (CE) was estimated from the relation
Oncotic pressure (w) of efferent and afferent arteriolar plasma was estimated from total protein concentration (C) as ir = 1.629C + 0.294C2 (2) A standard mathematical model was used to derive the glomerular capillary ultrafiltration coefficient (Kf) and single afferent and efferent arteriolar resistances from oncotic pressure values and from measured parameters (15) . The statistical significance of differences among values of individual parameters in the four experimental groups was evaluated by the analysis of variance. The Newman-Keuls multiple range test was used to assess the significance of differences between individual group means (six comparisons) with significance defined as P < 0.05. Values are expressed as mean±1 SE unless noted otherwise.
Results
Mean values for body weight, blood glucose, mean arterial pressure under anesthesia, GFR, kidney weight, SNGFR, and the pressures flows and resistances governing glomerular ultrafiltration for groups 1-4 are summarized in Table I . Body weight was equivalent among the different groups. By design, blood glucose levels in unanesthetized rats immediately before study (BGpr) were equivalent in the three diabetic groups and markedly elevated above the level of 88±5 mg/dl observed in normal group 4 rats. With anesthesia and surgical preparation, mean blood glucose level during micropuncture study (BGmp) was reduced slightly to 260±9 mg/dl in group 1 diabetic rats which received no additional insulin. In contrast, insulin infusion markedly reduced blood glucose levels during micropuncture study in group 2 diabetic rats. Insulin infusion in this group was regulated so that no individual glucose value fell below 75 mg/dl. The mean value for BGmp in group 2, 116±3 mg/dl, thus remained significantly though only slightly above the value observed in normal rats. In group 3 diabetic rats infusion of dextrose along with insulin served to maintain BGmp at 275±9 mg/dl, a value similar to that observed in group 1.
Infusion of insulin during micropuncture study had no effect on mean arterial pressure (AP) or on hematocrit (Hct). Values for these parameters were similar in the three groups of diabetic rats and in group 4 control rats. Values for arterial plasma protein concentration (CA) were similar in groups 1, 2, and 4. A slight but significant reduction in CA in group 3 presumably reflected mild ECF volume expansion in this group. Group 3 rats received an average of 3.0 ml of saline (with insulin) and 1.7 ml ofwater (as 50% dextrose) in addition to the 1.2 ml/h saline infusion routinely provided with micropuncture preparation, while group 2 rats received an average of 1.3 ml of saline (with insulin) in addition to the 1.2 ml/h saline infusion routinely provided with micropuncture preparation.
In accord with previous reports (2-7), whole kidney GFR was elevated above normal in group 1 diabetic rats which were maintained moderately hyperglycemic for 4-9 wk and then subjected to micropuncture study. GFR was significantly reduced but still remained above normal when insulin was infused alone in group 2 and along with added dextrose to maintain hyperglycemia in group 3. Values for filtration fraction (FF) were not different among the four groups, so that values for renal plasma flow closely paralleled values for GFR.
Elevation of whole kidney GFR reflected single nephron hyperfiltration in each of the diabetic groups. The hemodynamic alterations responsible for single nephron hyperfiltration in group 1 were similar to those previously described in moderately hyperglycemic diabetic rats (2-7). The glomerular transcapillary hydraulic pressure gradient (AP), was elevated to 49±1 mmHg, a value 8 mmHg greater than that observed in Elevation of PGC and AP in group 1 diabetic rats reflected a relative increase in efferent arteriolar resistance, RE. While increased plasma flow in the enlarged diabetic kidneys was due to a decline in total arteriolar resistance, RT, from 3.6±0.3 to 2.6±0.2 X 10'°dyn * s -cm-5, efferent resistance remained unchanged, so that the ratio of efferent resistance to afferent resistance, RE/RA, was significantly increased. Acute infusion of insulin over the course of micropuncture study had a dramatic effect on the pattern of intrarenal vascular resistance in group 2 diabetic rats. Infusion of sufficient insulin to achieve acute blood glucose control resulted in a fall in efferent resistance with a return in the ratio RE/RA to 0.74+0.03, a value similar to that observed in normal rats. Reduction of the proportion of efferent to afferent resistance reduced PGC to 51 ±1 mmHg and AP to 39±1 mmHg, values similar to those seen in normal rats. While AP was returned to normal by acute insulin infusion in group 2 rats, SNGFR and whole kidney GFR remained elevated. Continued hyperfiltration despite reduction in ultrafiltration pressure during insulin infusion reflected an increase in Kf to 64±7 pl/(s. mmHg), significantly above the level seen in group 1 diabetic rats.
Values for the determinants of glomerular filtration in group 3 rats were closely similar to those in group 2 rats. Thus the acute effect of insulin infusion on intrarenal vascular resistance was still observed when dextrose was infused in order to maintain blood glucose at the level observed in group 1. With infusion of insulin and dextrose, the ratio RE/RA in group 3 was reduced to 0.76±0.03, a value similar to that observed in both group 2 diabetic rats receiving insulin alone and in group 4 normal control rats. Since arterial pressure was not changed by insulin and dextrose infusion, normalization ofthe proportion of efferent to afferent resistance again led to reduction of PGc and AP. Despite reduction in AP, SNGFR decreased only slightly to 50±1 nl/min as Kf increased to 55±5 pl(s* mmHg), a value again greater than that seen in group 1 diabetic rats.
The calculation of two of the determinants of surface nephron filtration rate in the current study, QA and Kf, has been based on the assumption that surface nephron filtration fraction is similar to whole kidney filtration fraction. This assumption has been validated for moderately hyperglycemic diabetic rats (16) and for normal rats (17, 18) but remains unproven for rats acutely infused with insulin. It would require, however, a marked fall in surface nephron filtration fraction occasioned by a vasodilator effect of insulin restricted to the surface ofthe kidney to invalidate the conclusion that Kf rose while AP declined during insulin administration in the current study.
Results of studies in groups 5 and 6 diabetic rats are summarized in Table II . By design, values for blood glucose were similar to those observed in groups 1 and 2, respectively. As in group 2, insulin infusion in group 6 did not cause significant changes in mean arterial pressure, hematocrit, or plasma protein concentration. Insulin infusion also had no significant effect on plasma sodium or potassium concentration. As described in previous reports (7, 16) , moderately hyperglycemic diabetic rats were not acidemic and systemic pH was not significantly altered by insulin infusion in group 6. Values for single nephron filtration rate obtained by distal sampling (SNGFRd) were less than those obtained by proximal sampling (SNGFRp) in both groups 5 and 6, and the proportion of this difference was similar in the two groups.
Discussion
Insulin dependent diabetes in humans and in rats is characterized by increases in glomerular filtration rate and renal mass which precede development of proteinuric renal disease (1, 4) . In diabetic rats, the increase in glomerular filtration rate has been shown to result from increases in QA and in PGC and AlP (2) (3) (4) (5) (6) (7) . Results in group 1 diabetic rats in the current study confirm these findings. Like previous studies, they show further that because mean arterial pressure is normal in diabetic rats, the increase in QA reflects a decrease in total renal vascular resistance, while the increase in PGc reflects an increase in the proportion of efferent arteriolar resistance to afferent arteriolar resistance (5).
The current study assessed the dependence of the altered pattern of arteriolar resistance within the diabetic kidney on insulin deficiency. In group 2 diabetic rats, provision of sufficient insulin to return blood glucose near to normal levels restored the normal proportion ofefferent to afferent arteriolar resistance. Since blood pressure was unaltered, glomerular capillary pressure was normalized when the pattern of vascular resistance in the diabetic kidney was corrected by acute insulin administration.
Despite normalization of glomerular capillary pressure, glomerular filtration rate was only slightly reduced and remained significantly above normal in diabetic rats infused with insulin over 2 to 4 h. A similar effect of acute insulin administration on GFR has been observed in diabetic humans by Christiansen et al. (19) . In their study, GFR was reduced but remained significantly above normal in type I diabetic patients whose blood glucose was normalized over 2 h. The glomerular hemodynamic changes responsible for this effect of insulin are revealed in the current study. First, glomerular capillary plasma flow in the hypertrophied diabetic kidney remained elevated while the proportion of efferent to afferent resistance was normalized by insulin administration. Second, the glomerular capillary ultrafiltration coefficient, Kf, was increased while AP was reduced.
The ability of insulin to acutely increase Kf in diabetic rats is a remarkable finding of the current study. Morphologic studies have shown that hyperfiltration in diabetic humans and rats is associated with enlargement of glomeruli and an increase in the glomerular capillary surface area available for plasma ultrafiltration (20) (21) (22) . Functional studies, however, have revealed that Kf remains normal or is slightly reduced in diabetic rats (2) (3) (4) (5) (6) . It has been suggested that reduction of Kf despite glomerular enlargement reflects an early pathologic change in the glomerular capillary wall leading to decreased hydraulic permeability (5) . In the current study, acute insulin administration in group 2 diabetic rats increased Kf to a value significantly greater than that observed in group 1 diabetic rats receiving no insulin and numerically greater than that observed in control rats. This finding indicates that restriction of Kf in early diabetes does not reflect glomerular pathology but is rather, like the relative increase in efferent to afferent arteriolar resistance, a functional consequence of insulin deficiency.
The current study suggests that glomerular hyperfiltration in early diabetes may be considered to have a structural component, related to renal hypertrophy, and a functional component, including changes in arteriolar resistance and in Kf which are acutely reversible by insulin administration. With sufficient insulin to normalize blood glucose, GFR in the hypertrophied kidneys of group 2 rats remained above normal. Elevation of GFR in this setting was due to elevation of QA in the enlarged kidneys and to elevation of Kf in enlarged glomeruli while AP was normal. In insulinopenic group I rats, a superimposed increase in AlP caused a further small increase in GFR despite a reduction in Kf. Results obtained when kidney growth is induced by other means provide a noteworthy comparison to these findings. In rats subjected to uninephrectomy increases in kidney weight and glomerular filtration rate are comparable to those observed in diabetes but increases in AP have, on average, been found to be of lesser magnitude (11) (12) (13) . When renal growth is induced by protein feeding or occurs in the normal course of maturation, increases in GFR have been shown to result from increases in QA and Kf without any increase in AlP (8) (9) (10) . Together with the findings of the current study, these results suggest that glomerular capillary hypertension in diabetes should not be viewed as a natural consequence of renal hypertrophy, but rather as a functional consequence of the diabetic state. The mechanism by which acute insulin administration alters renal arteriolar resistances and Kf in diabetes remains to be identified. Results of the current study show that these effects of insulin do not depend on reduction of the blood glucose level. Thus AvP was normalized while glomerular filtration rate remained elevated in group 3 rats given insulin plus sufficient dextrose to maintain hyperglycemia. This result is consistent with the finding of Blantz et al. (23) that elevation of blood glucose by itself does not alter PGC in normal rats. Studies in group 3 rats further indicate that reduction in PGC accompanying insulin administration was not caused by ECF volume contraction. Since hyperglycemia was maintained in these animals, insulin administration should have caused no shift of ECF fluid into the cellular compartment. Moreover, animals in group 3 received more saline (with insulin) than animals in the other groups and exhibited a slightly lower value for CA. Yet AP was reduced as effectively by insulin infusion in group 3 as it was in group 2.
It has been suggested that tubuloglomerular feedback may be altered by hyperglycemia (23) (24) (25) . The (26) . Alternatively, the glomerular hemodynamic effects of insulin deficiency could reflect altered production of vasoactive hormones within the kidney. The pattern of an increase in the proportion of efferent to afferent arteriolar resistance along with reduction in Kf seen in diabetes is strikingly similar to that observed in rats acutely infused with angiotensin 11 (27, 28) . Furthermore, recent studies have shown that chronic treatment with the angiotensin II converting enzyme inhibitor enalapril normalizes PGC while maintaining glomerular hyperfiltration in diabetic rats (4) . Thus, while circulating renin levels in moderately hyperglycemic rats have been found to be normal, it remains possible that intrarenal angiotensin II activity in these rats is increased (29) .
Other studies suggest that altered renal prostanoid synthesis contributes to glomerular hyperfiltration and glomerular capillary hypertension in diabetes (30-32). Most of these studies have explored the hypothesis that increased production of vasodilator prostaglandins elevates plasma flow and glomerular filtration rates in the diabetic kidney. So far, however, attempts to lower GFR by inhibiting prostaglandin synthesis in both diabetic humans and rats have yielded conflicting results (5, 31, 33, 34) . Recently, Stoffet al. (32) proposed an alternate mechanism by which altered prostaglandin production may affect glomerular hemodynamic function in diabetes. Their findings in cultured mesangial cells and in the isolated perfused kidney suggest that insulin deficiency prevents the generation of vasodilator prostaglandins which normally oppose angiotensin II mediated renal vasoconstriction and mesangial cell contraction. As previously noted, potentiation of these effects of angiotensin II could account for the pattern of increased efferent resistance and restricted Kf observed in the diabetic kidney. Clearly, further functional studies are needed to define the role played by angiotensin II and other vasoactive hormones in altering glomerular function in diabetes. The current study establishes that the increased proportion of efferent to afferent resistance and restriction of Kf seen in diabetes are acutely reversible consequences of insulin deficiency and not the result of structural changes associated with renal hypertrophy.
